The mixed mode AVO (MMAVO) approach may offer distinct advantages in the determination of fractures within a reservoir. This is shown by firstly deriving the generalized matrix equation for the tensor reflectivity, which includes all anisotropic mixed (qP-qS, qS-qP) or single mode (qPqP, qS-qS) contributions. These expressions are valid for weak anisotropy, and must be applied to interfaces with a small impedance contrasts. It appears that MMAVO retains the benefits of both modal legs. For example, in a fractured gas reservoir with high/low impedance change, the mixed mode reflectivity is sensitive to both gas saturation and fracturing. In contrast, the qP-qP AVO is suited for gas detection but no fracturing, whilst the converse is true for the qS-qS response. In addition, a relatively small subvertical directional coverage is required to reveal these variations. Identification of the waves can be made from the asymmetry of the raypaths.
Introduction P-wave AVO is a good hydrocarbon indicator, particularly for detecting gas accumulations (Castagna and Backus 1993) . It is also possible to use azimuthally-dependent Pwave AVO to provide further valuable information for characterizing lithology and fractures (Lynn et al. 1995) . Although most of these studies utilize single modes of propagation, recent work has also highlighted the potential of P to SV mode conversions (Zaengle and Frasier 1993) . A further extension of this approach is multicomponent AVO analysis, in which all three anisotropic modes of propagation are involved. This mixed mode (MMAVO) technique offers distinct advantages in the determination of the reservoir properties. To assist in such studies we extend Thomsen (1993) and derive a generalized matrix equation for the tensor reflectivity which includes all anisotropic mixed or single mode contributions. The expressions are valid for weak anisotropy, and must be applied to interfaces with a small impedance contrast. They may be used as the basis for multicomponent AVO analysis and inversion in fracture-induced anisotropic medium.
Linearized anisotropic AVO response
Here we derive the linearized matrix equation for the reflection coefficients in anisotropic media with monoclinic symmetry, and with a small impedance contrast at the interface. Consider a planar interface separating two anisotropic media with only up-down symmetry (monoclinic). In a right-handed coordinate system (x 1 x 2 , x 3 ) with x 3 downwards the plane wave reflection matrix can be written as: = + where is the reflection coefficient from the kth mode (incident wave) to the l-th mode, and 0, 1 and 2 represent the three body waves: qP, qS1, and qS2, respectively. X k and Y k (k=l, and 2) are frequency independent impedance matrices for the upper and lower medium (Schoenberg and Protazio 1992) . The terms in the impedance matrix are linear combinations of polarization vectors, horizontal and vertical slownesses of the three body waves, and the elastic constants.
To evaluate how the variation in anisotropy and impedance contrast affect the AVO response, we approximate equation (1) for weak impedance contrast by letting , 
Equation (3) has a simple form and is valid for relatively strong anisotropy with monoclinic symmetry and small impedance contrast. Equation (3) forms the basis of our approach to AVO analysis. For general anisotropy, X, Y and AY in equation (3) are determined by the Christoffel equations governing plane wave propagation in the media, and this makes it difficult to find analytical solutions of X, AX, Y and AY. However, simple analytical solutions of X, AX, Y and AY can be found for some higher classes of anisotropy symmetry including isotropy, transverse isotropy with an vertical or horizontal symmetry axis, and orthorhombic symmetry. Here we use wave propagation in the symmetry plane of orthorhombic media to illustrate the application of equation (3).
Orthorhombic anisotropy
Orthorhombic anisotropy resulting from a combination of horizontal fine-layering and vertical fractures may be common in sedimentary basin. The orthorhombic medium has nine elastic constants: We consider wave propagation in the vertical symmetry plane of (X,-X,). In this case, the qP-and qSV-wave (modes 0 and 1) are decoupled from the SH wave (mode 2), and equation (3) reduces to 2x2 matrices,
and ( 7 ) All variables in (6) and (7) represent the average value of the upper and lower media. Of these variables, i and j are the average propagation angles, and i* and j* are the average polarization angles for qP and qS, respectively, and a and are the average qP-and qS-phase velocities associated with direction i and j. p' reduces to the average density p for isotropic media; and define the deviations between the polarization direction and the propagation direction for qP-and qS-waves, respectively. The A variables represent a change across the interface, and is the differential operator for the orthorhombic media. Inserting equation (6) and (7) into (5), we obtain the four reflection coefficients as: 2 a (9)
( 1 1 ) where (tan and (tan defining the changes in the deviations between the polarization direction and the propagation direction for qP-and qSwaves, respectively. Equations (8), (9), (10) and (11) are valid for arbitrary amounts of anisotropy for the wave propagation in a symmetry plane. They can be further reduced for weak anisotropy.
Weakly fractured TIH media
Consider a medium with aligned vertical fractures. This fractured medium is equivalent to a transversely isotropic medium with a horizontal symmetry axis (TIH). Assume the corresponding vertical velocities as a, (P-wave) and wave). For weak anisotropy, a and p can be expressed in terms of the vertical velocity plus an angular variation controlled by the Thomsen parameters, 6, and for weak anisotropy (Thomsen 1986 ). Equations (8), (9), and (10) and (11) are reduced to 
where and are the isotropic reflectivities controlled by the vertical velocities a,, and and their associated changes and across the interface. Equations (12), (13), (14) and (15) show the anisotropy has a first order effect on the AVO response for all four modes. However, they affect the mixed modes at least twice as much as the single modes.
Implications for multicomponent AVO analysis
The above equations, particularly the mixed-mode (converted wave) responses, can be used for multicomponent AVO analysis for gas and fracture detection. For this, we first examine the sensitivity of the multicomponent AVO response by calculating numerically the reflection coefficients for body waves incident from a weakly anisotropic overburden onto a fractured reservoir with different properties (Figure 1 ). The fracture normal is chosen at the x,-direction. The presence of gas induces an AVO response in the qP-to-qP waves (compare the solid and dashed lines, Figure la) , while the fracture-induced anisotropy reduces these effects (dot-dashed lines, Figure  la) , as the wave is incident on an interface with high/low impedance contrast which is believed to be common for gas reservoirs. The AVO response of the shear-waves is relatively insensitive to the presence or absence of gas (compare the solid and dashed lines, Figure lb) , but the qSwave shows increasing variations with fracture intensity (Figure lb) . For qP-to-qP waves, the reflectivity remains constant for incidence angles less than 12°, and starts to increase until 45°. However, for qP-to-qS conversion, the presence of gas increases the AVO response (dashed line, Figure 1 c), the fracture-induced anisotropy further enhancing it (dot-dashed lines, Figure 2a) ; the AVO response builds up from zero-offset and extends to about 30°. Although these observations are made in the symmetry plane, wave propagation in off-symmetry planes shows similar effects, as demonstrated in Figure 2. The behaviour of the qP-qP and qP-qS response can be explained using equations (12) and (13). The presence of gas changes the P-velocity more than the S-wave velocity, and thus introduces an increasing amplitude with offset. However, because of the high/low impedance change, the AVO terms due to fracturing, the term in equation 12, has an opposite sign to the corresponding isotropic AVO term (the term), reducing the sensitivity of the qP-AVO. For the mixed modes the qP/qS impedance contrast will always be positive and has the same sign as the anisotropy term increasing the sensitivity of the qP-qs AVO (equation 13). Three-component synthetic seismic shot records are also constructed to illustrate the qP-qS AVO response (Figure 3) .
Conclusions
Both the diagnostic features of P-wave AVO for gas saturation and shear-wave AVO for fracture-induced anisotropy are retained in the AVO signatures of mixed mode AVO, and a relatively smaller directional coverage is required to reveal these effects. MMAVO equations are derived which highlight the relative effects of anisotropy on qP-qP, qP-qS, qS-qP, and qS-qS reflectivity. These show a strong dependence on Thomsen' parameter for the qS-qP and qP-qS, with qP-qP and qS-qS being influenced to a smaller degree. These agree with numerical results for different types of fractured gas reservoir.
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INCIDENT ANGLES (DEGREES) INCIDENT ANGLES (DEGREES) Figure 1 . The reflection coefficients of (a) qP-to-qP, (b) qS-to-qS and (c) qP-to-qs versus incident angles. (4) and (5) anisotropic with gas for three different fracture intensities 5%, 10% and 20%, respectively. Note that the fractures in the reservoir strike at x 2 direction (90 from the incident plane -the plane of symmetry of the overburden). Figure 2 . The reflection coefficients of (a) qP-to-qP, (b) qS1-to-qS1 and (c) qP-to-qS1 versus incident angles for the same model in Figure 1 , but the fractures strike 45 from the incident plane (the plane of symmetry of the overburden). Figure 2 for 10% fracture intensity. The P-wave AVO response in the ZZ-component is distorted because energy is projected to the ZX-component. However the converted waves show significant AVO effects in the two horizontal components (ZY and ZX). Here the fractures also strike 45" from the incident plane, as in Figure 2 .
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